Strongly enhanced second-harmonic generation is observed from a two-dimensional square lattice GaAs͞AlGaAs photonic crystal waveguide when the fundamental beam, the second-harmonic beam, or both beams resonantly couple to a leaky eigenmode. P -polarized second-harmonic spectra are obtained for s-polarized, 150-fs pump pulses that are tuned from 5000 to 5600 cm 21 and directed along the G X direction of the crystal for various angles of incidence. Compared with off-resonant conditions, enhancements of .12003 in the second-harmonic conversion are observed for resonant coupling of both the fundamental and the second-harmonic fields to leaky eigenmodes. The angular and spectral positions of the peaks are in good agreement with simulations. © 2003 Optical Society of America OCIS codes: 190.2620, 190.5970, 230.7400, 190.4390. Although the linear optical properties of photonic crystals 1 (PCs) are well studied, the ability of PCs to enhance or alter nonlinear effects has also attracted attention.
Although the linear optical properties of photonic crystals 1 (PCs) are well studied, the ability of PCs to enhance or alter nonlinear effects has also attracted attention. 2 When optical beams are coupled into photonic bands with low group velocity and a large associated density of states, many nonlinear propagation effects become more efficient on a per-unit-length basis. In addition, the periodicity of PCs permits quasi-phase matching, 3 which also enhances nonlinear interactions such as second-harmonic generation (SHG), as has been experimentally demonstrated in one 4, 5 and three 6 dimensions. Both of these effects are specific to nonlinear processes occurring internal to a PC, regardless of the external coupling eff iciency. The bandgap property of PCs also makes them ideal as high-ref lectivity mirrors for high-Q microcavities. The recently observed second-harmonic (SH) enhancements in microcavities stem from the confinement of either the fundamental 7, 8 or the SH 9 radiation between linear Bragg ref lectors. The enhancement of nonlinear processes in such microcavities has less to do with dispersion and phase matching than with local field effects associated with trapping or localizing photons.
As pointed out by Cowan and Young, 10 the leaky 11 eigenmodes of two-dimensional (2D) PCs formed in planar waveguides can be used to simultaneously take advantage of local f ield enhancement and quasi-phase matching. This Letter reports experimental results on SH enhancements in a 2D planar PC through resonant coupling of the fundamental, the SH, or both fields to leaky eigenmodes of a GaAs-based textured waveguide. The design of these samples employs virtual phase matching, wherein the idea of generalized phase matching (that is, phase matching between guided modes of a PC) is extended to the leaky eigenmodes of a textured waveguide. 12 When the frequency and angle of incidence of the incoming fundamental (and also outgoing SH) beam is varied, virtual phase matching allows one (singly resonant) or two (doubly resonant) leaky eigenmodes to participate in the SH ref lection. We have experimentally measured SH enhancements of .12003 for the doubly resonant condition relative to nonresonant excitation. Moreover, for the singly resonant condition in which either the fundamental or the SH fields are resonant with leaky eigenmodes, a well-defined SH dispersive behavior is observed, which is in good agreement with simulations. The observed enhancements are caused by local field effects that, in this PC geometry, are associated with the relatively small contribution that radiative components make to the leaky Bloch eigenstates involved in the resonant SHG process.
A sample consisting of a 2D square lattice of through holes etched into a 140-nm-thick layer of GaAs and supported on an ϳ1-mm-thick Al 2 O 3 cladding layer was used to demonstrate the SHG enhancement effect. The sample (90 mm 3 90 mm) was fabricated with conventional electron-beam lithography and plasma-etching techniques. 11, 13 A pore diameter of 320 nm and a lattice spacing of 770 nm were chosen such that s-polarized fundamental light at a wavelength near 5300 cm 21 (1.9 mm) could couple to the lowest-order leaky photonic eigenmode and phase match to p-polarized leaky eigenmodes at twice the frequency and in-plane wave vector. The pump wavelength was chosen to correspond to less than half the electronic bandgap energy of GaAs to avoid linear absorption. The G X direction of the PC was oriented 20 ± to the ͗011͘ electronic crystal axis to avoid symmetry-related quenching of the s p conversion process 10 ; the sample was grown in the ͗100͘ direction. A Green's function formalism was used to calculate the intensity of the radiated p-polarized SH for incident s-polarized plane waves propagating along the G X direction of the PC. 10 The SH enhancement factor for different SH frequencies and angles of incidence (u) is shown in Fig. 1 . The inset in Fig. 1 is a schematic of the sample structure and scattering geometry. For a square lattice formation the X direction in real space is parallel to the G X direction in 2D reciprocal space. The strong, steep (16 ± , 11 300 cm 21 ) to (40 ± , 11 000 cm 21 ) dispersion in the SH is associated with resonant coupling of the input beam to a photonic mode at frequency v. Less obvious (thus illustrated with white dashed curves) are the dispersions in the SH associated with resonantly coupling the SH to photonic modes at 2v. For this sample configuration, coupling the fundamental f ield to a photonic mode is ϳ103 stronger than that associated with coupling of the SH field alone. Three distinct maxima in the calculated SHG, labeled A (20 ± , 11 030 cm 21 ), B (28 ± , 10 600 cm 21 ), and C (37 ± , 10 250 cm 21 ), occur under double-resonance conditions, when the fundamental and SH fields are simultaneously resonant with photonic modes. Peak B is an order of magnitude larger than peaks A and C. To best understand the enhancement in the SH conversion process and related peak magnitudes, it is useful to examine the linear ref lectivity for p-polarized radiation. Figure 2 shows the corresponding p-polarized spectra of the linear ref lectivity for both simulations 14 (solid curves) and measurements 11 (dotted curves) along the G X direction of the PC. The large undulations are Fabry-Perot effects from the Al 2 O 3 layer. The small Fano-like features are associated with leaky eigenmodes of the PC cavity. More features are evident in the calculations than in the measurements; these features are relatively narrow and cannot be resolved in the presence of the large background specular ref lectivity signal. The dashed curves connecting features in the simulation spectra for various u correspond to the dispersion curves for this sample. They represent the resonant conditions for the outgoing SH beam and are shown in Fig. 1 as white dashed curves. The magnitude of the SH signal is inf luenced by the quality factors of the associated leaky modes, which is related to the local field strength within the PC waveguide. It is evident that the sharper, better-def ined Fano features in Fig. 2 give rise to a larger SHG, as shown in Fig. 1 . For example, the SHG peak labeled B occurs close to an anticrossing of two photonic eigenstates, where the Q of one mode becomes extremely large. 14 It should be noted that the magnitude of these peak SH f ields is also inf luenced by overlap integrals that determine how effectively the SH polarization excited by the fundamental field couples to the outgoing modes. It is a combination of these two effects that results in the difference in SH amplitude between peaks A, B, and C.
For the SHG experiments a tunable optical parametric amplif ier producing 150-fs fundamental pulses, with a bandwidth of 210 cm 21 , a repetition rate of 250 kHz, and wave numbers tunable around 5300 cm 21 , was used to excite the sample. The angle of incidence of the s-polarized pulses was varied from 16 ± # u # 40 ± in a plane def ined by the sample normal and the G X direction of the PC. The optical parametric amplif ier was tuned to three distinct center frequencies in order to span the full range of u. The pump beam was focused to a 35-mm (FWHM) diameter with an average power of 1.6 mW. The SH spectra were analyzed and recorded with a monochromator and an InGaAs detector cooled in liquid nitrogen. Figure 3 illustrates typical SH spectra for various u near peak B after being divided by the square of the measured pump spectrum (also shown). The SHG enhancement factor was estimated by a comparison of the peak signal strength at 28 ± with the signal measured far off resonant excitation (at 20 ± for the same input spectrum). The results below provide only lower limits to the true enhancement, because the nonresonant signals consistently fell below the noise f loor of the detector. Thus the lower limit on the enhancement in peak B is 7003. Measurements indicated that the magnitude, shape, and spectral position of the normalized signals were independent of the fundamental ± as well as the squared intensity of the pump spectrum (at twice its wave number). beam spectrum. In addition, p-polarized incident radiation did not induce a measurable SH signal, which is in agreement with theory (this sample does not support any p-polarized photonic bands in this part of the band structure). Figure 4 shows the experimental SH signal as a function of frequency and incident angle. The measured dispersion in the peak of the SH signal (16 ± , 11 200 cm 21 ) to (40 ± , 11 000 cm 21 ) agrees extremely well with the predicted fundamental beam resonance at twice the frequency (Fig. 1) . Calculations have verified that the difference between simulated and experimental linewidths (ϳ33 cm 21 versus ϳ100 cm 21 , respectively) is mostly caused by the finite spot size used in the experiments, rather than by the plane-wave excitation assumed in the calculations. Disorder in the sample also contributes to the line broadening. The SH resonance condition is less obvious in the experimental data primarily because the experimental SH linewidths are also broader than those calculated. Nevertheless, in agreement with theory, three peaks in the SH enhancements are observed. Enhancement factors greater than 12003, 7003, and 3503 at positions A (19 ± , 11 000 cm 21 ), B (28 ± , 10 500 cm 21 ), and C (34 ± , 10 250 cm 21 ), due to the double-resonance condition, are clearly visible in the experiment (Fig. 4) . The small discrepancies (ϳ5%) between theory and experiment in the angular and frequency positions of the peaks are caused by differences between the structural parameters used for the calculations and those of the actual sample. Higher frequency bands (in this case the 11th through 13th bands from simulations) also tend to be more susceptible to any disorder found in the PC structure. 15 In summary, we have shown how leaky eigenmodes in a 2D GaAs planar photonic crystal waveguide can be used to enhance SHG and have determined the lower limit for SHG enhancement factors. The angular and frequency location of the SH peaks agree well with theory. Although the conversion eff iciencies themselves are of interest, the SHG experiment also illustrates a new technique for analyzing the properties of PCs.
